Abstract-This paper presents a creeping wave model for the diffraction of an obliquely incident plane wave by a perfectly conducting or lossy circular cylinder at 60 GHz. The model developed for both TM and TE polarizations is valid for electrically large cylinders and for a receiver in the close vicinity of the surface. An experimental validation is conducted on a perfectly conducting cylinder.
I. INTRODUCTION
T HE HIGH frequency scattering by a convex cylinder has been widely investigated in the past decades. Creeping wave theories have been developed [1] , [2] in most cases for a normal incident plane wave.
Later, the uniform theory of diffraction (UTD) [2] , [3] have generalized those solutions to all kind of convex bodies and incident waves. The important property of UTD is the spatial continuity of the solution, regardless the position around the cylinder. But it necessitates heavy calculations of Fock functions [3] . In this context, this paper proposes a fast and accurate solution of the diffraction of a plane wave by a circular cylinder at 60 GHz in the shadow region. This solution is based on known creeping wave models generalized to a 3-D geometry and reduced to a simple path gain avoiding the computation of UTD.
In the body area networks context [4] , this solution is well suited for the calculation of the received power from an external transmitter to a receiver located on the body in the shadow region. In this paper, the results will be presented for both PEC cylinders and dielectric cylinders having the electric properties of the human skin.
The proposed model generalizes the model in [4] which is only suitable to normal incidence. Section II presents the analytical formulation for arbitrary incidence angle. In the shadow region, the scattered field is approximated as a creeping wave. Both TM and TE polarizations are considered. Section III validates our model by numerical comparisons with the exact solution and gives some values of the path gain factor of the creeping wave.
In Section IV the model is compared to experimental results for both polarizations. The measurements have been conducted on a metallic cylinder for different elevation angles.
II. ANALYTICAL MODEL

A. Problem Definition
The geometry under study is drawn in Fig. 1 . The cylinder has a radius , a principal axis , relative permeability and relative complex permittivity depending on the conductivity by with defined as the real part of the relative permittivity and , are the free-space permittivity and permeability, respectively. A time dependence is assumed and suppressed, where is the angular frequency, and is the frequency. Cylindrical coordinates are adopted where , and . In the following, the solution will be derived for positive values of . By symmetry, the conclusions are exactly the same for negative values of . Also, in this paper, defines the first derivative of a function.
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where is the electric field amplitude, is the freespace wavenumber, is the speed of light and the elevation angle defined as . In case of TE polarization, the incident electric field can be written as (2) The total electric field around the cylinder is (3) where is the scattered field. This paper focuses on the diffracted field in the shadow region which is defined geometrically by in [5] . In the following, the field is calculated on the range .
B. TM Polarization
The exact solution of the scattering of a plane wave by a dielectric cylinder is given in a lossless case in [6] and can be generalized to a lossy one (4) It can be shown that can be written in the high frequency range [2] as (5) where and are, respectively, the first kind Bessel functions and the second order Hankel functions [7] and , is the normalized admittance with respect to the free space admittance [8] and . In (4), at high frequency, the series slowly converge and the number of terms required for convergence is too large to allow a fast computation. To speed up convergence in the shadow region, we propose a simplified model where the electric field is approximated by a creeping wave.
By using Watson's transformation [9] on (4), the total field in the region becomes (6) where , and
Equations (6) and (7) have been obtained by using Olver's transformation [2] , [10] which allows to write Bessel's function in terms of Airy's (8) This transformation implies two conditions. First, on the argument of the Bessel function:
. This condition implies a conditional relationship between and . For instance, in the BAN context, the radius of the cylinder is fixed and it infers that . Second, a close vicinity assumption has to be made for . This is easily obtained by assuming . Considering a maximum error of 3 dB on , it can be numerically obtained that . In those equations, and the are defined by (9) is the first kind Airy function and . At 60 GHz and knowing the condition on the imaginary parts with , the sum (6) can be approximated by (10) by using . Equation (10) gives the creeping wave solution in the shadow zone.
The path gain of the creeping wave can be inferred by introducing the power expressed in decibels (11) where and is the received power at the boundary of the shadow zone for the component. It is remarkable that the path gain factor is the same for each component. The path gain for the total field can also be easily inferred (12)
The path gain factor can be derived from (10) (13)
C. TE Polarization
For TE polarization, the incident electric field is (14) The exact solution can also be easily obtained by solving the boundary conditions problem in cylindrical coordinates (15) where, by using the high frequency assumption (16) Equation (3) is used to get the total field for each component. The same methodology as used in Section II-B is then carried out to speed up convergence.
By applying Watson's transformation, the creeping wave expression of the total field in the shadow region is (17) where and is the first zero of where in decibels and
The path gain of each component of the electric field can be rewritten as (11) by using for the path gain factor.
III. NUMERICAL SIMULATIONS
Two configurations have been studied: the perfectly conducting cylinder (PEC) and the dielectric cylinder having the electric properties of the human skin [11] 36.397 S/m). The first zeroes are computed from (9) and (18).
A. TM Polarization
In the TM case, the dependence of with the elevation angle is negligible. The solution of (9) gives for the PEC cylinder, and for the dielectric case.
As can be seen in Figs. 2 and 3 , the creeping wave model fits the exact solution in the PEC and dielectric cases. The magnitudes have been normalized in order to have unitary incident electric field magnitude.
B. TE Polarization
Figs. 4 and 5 present the path gain for TE polarization for different values of . It can be seen that the creeping wave model fits the exact solution in both cases. In the PEC case, does not depend on . In the dielectric case, the variation of with has to be taken into account. Table I summarizes the path gain factors in decibels per centimeters for different values of the radius and elevation angle . It is worth noting that the path gain factor decreases with decreasing elevation angle .
This analysis gives some useful insights regarding BAN applications. To improve off-body communications in terms of path gain using creeping wave modes, remote base stations should be located on the ceiling in order to minimize the elevation angle. Figs. 2-5 confirm that the first creeping wave mode is predominant at 60 GHz. The influence of the creeping wave mode coming from the other side of the cylinder can be observed in the exact solutions around where an interference pattern appears. Given the low power level reached for these values of , it can be assumed that this creeping wave mode is negligible.
IV. EXPERIMENTAL RESULTS
Experiments have been performed on a PEC cylinder, allowing to obtain very accurate measurement of the path gain around the cylinder to discriminate path gain factors for different elevation angles .
The aim of this measurement campaign is to verify the azimuthal variation of the absolute level of the path gain for different elevation angles. Due to the radiation pattern of the an- tennas, the path gains for different elevation angles cannot be compared. Hence, the measurement and simulations have been arbitrarily normalized at 0, 15 and 30 dB, respectively, for and 25 for sake of readability.
A. Measurement Set-Up
The measurements were conducted with an Agilent E8361C VNA and U-band horn antennas (20 dB gain) in an anechoic chamber. To increase the dynamic range, two amplifiers have been used (the first at the transmitter side and the second at the receiver side). The measurement parameters are summarized in Table II . The distance between the transmit antenna and the cylinder was fixed for each measurement to ensure a full exposition of the cylinder. The Rx horn antenna was placed tangentially to the cylinder to maximize the amount of power received from the creeping wave. The cylinder had a height of 1.2 m and the Rx horn antenna was placed at middle height.
The IFbandwidth and the VNA averaging were chosen to have the highest dynamic range possible. The measurement setup is shown in Fig. 6 .
The coaxial cables have about 6 dB/m losses. To avoid the need of long distance cables and maximize the received power, the VNA was put inside the anechoic chamber and covered by absorbing material.
B. Measurement Results
The measurements have been performed for both polarizations for three values of elevation angle. Time gating has been performed to increase the dynamic range. It was centered on the predicted time of arrival of the creeping wave. The results in Figs. 7 and 8 show that the analytical creeping wave models (12) and (20) fit the measurements. As can be seen, the TE mode has a higher dynamic range and, consequently, measurements are obtained up to higher values of .
V. CONCLUSION
This paper investigates the scattering of an obliquely incident plane wave by a circular cylinder at 60 GHz. The cylinder radius has been assumed electrically large. A propagation model has been developed for both TM and TE polarizations. The model assumes that the propagation can be described by a creeping wave in the shadow region. By using Watson's transformation, TM and TE creeping wave models have been deduced.
Numerical simulations have been conducted to validate the creeping wave model. The simulations give the path gain factors in the shadow zone for a PEC cylinder and for a lossy cylinder filled with a dielectric having the electric properties of the human skin to emulate a Body Area Network scenario. The simulations have shown that the path gain factor decreases with decreasing elevation angle.
The experimental validation has been done on a PEC cylinder for both polarizations. The creeping wave path gain model developed in this paper fits the measurements.
